Lung epithelial lineages have been difficult to maintain in pure form in vitro, and lineage-specific reporters have proven invaluable for monitoring their emergence from cultured pluripotent stem cells (PSCs). However, reporter constructs for tracking proximal airway lineages generated from PSCs have not been previously available, limiting the characterization of these cells. Here, we engineer mouse and human PSC lines carrying airway secretory lineage reporters that facilitate the tracking, purification, and profiling of this lung subtype. Through bulk and single-cell-based global transcriptomic profiling, we find PSC-derived airway secretory cells are susceptible to phenotypic plasticity exemplified by the tendency to co-express both a proximal airway secretory program as well as an alveolar type 2 cell program, which can be minimized by inhibiting endogenous Wnt signaling. Our results provide global profiles of engineered lung cell fates, a guide for improving their directed differentiation, and a human model of the developing airway.
INTRODUCTION
The mature respiratory epithelium comprises two major compartments, the distal alveoli and the proximal airway, both of which include numerous functional cell types. The various cell types of the airways, including goblet, secretory, and ciliated cells, form a mucociliary escalator that protects the lung from pathogens and other inhaled agents. The lung secretory (or club) cell lineage represents an abundant and heterogeneous cell type localized to the conducting airways. These cells provide critical protective functions to the lung by participating in immune modulation, oxidative stress reduction, and xenobiotic metabolism. Club cells are also capable of differentiation to other proximal cell types, are a major known facultative progenitor for ciliated and goblet cells, and can reconstitute the airway epithelium after injury (Boers et al., 1999; Mango et al., 1998; Rawlins et al., 2009) .
Differentiated lung club cells are marked by the expression of club cell secretory protein (Cc10/Ccsp/Scgb1a1). In addition to Scgb1a1, secretoglobin family members, including Scgb3a1 and Scgb3a2, are expressed in heterogeneous populations of secretory cells and are important to the function of these cells in immune homeostasis and mediation of oxidant-induced stress (Mango et al., 1998; Reynolds et al., 2002) . In particular, expression of Scgb3a2 has been reported in proximal epithelial progenitors in lung development prior to maturation of the Scgb1a1+ club cell lineage, and is the earliest known marker of differentiation to this fate (Guha et al., 2012) .
The in vitro directed differentiation of pluripotent stem cells (PSCs) via sequential regulation of developmental signaling pathways has been established as a model to study early stages of human development that are otherwise difficult to examine in vivo. In addition, lung epithelia generated from patient-specific induced PSCs (iPSCs) using this approach (Huang et al., 2013) have the potential to provide primary-like cells for disease modeling and drug testing. We have previously described a protocol for generating functional proximalized airway spheres expressing markers of multiple airway epithelial cell types, including basal and secretory lineages. These cells can be further differentiated to multiciliated cells in the context of Notch inhibition or air-liquid interface culture .
While the expression of lineage-specific markers, including secretory cell markers SCGB1A1 and SCGB3A2, as well as basal cell markers TP63 and KRT5, suggest that PSC-derived airway spheres contain defined lung lineages, questions remain about the identity, heterogeneity, and long-term phenotypic stability of these cells, as well as the establishment and segregation of these separate lineages during airway sphere formation and how these findings relate to in vivo murine biology. The PSC model system has suggested that manipulation of key signaling pathways can regulate the sequence of lung endodermal and proximal airway cell fate decisions during development. However, because the precise signals required to maintain these cells are not fully understood, it is likely that the airway derivatives engineered from PSCs in vitro may lose or drift in their phenotypes with prolonged periods in culture, as has previously been observed in primary lung epithelial cells. For airway secretory cells it may be particularly difficult to maintain a stable phenotype in culture given the known plasticity displayed by these cells when exposed to distalizing factors in vivo in published genetic mouse models (Zhang et al., 2008; Xi et al., 2017; Reynolds et al., 2008) or when primary murine club cells undergo even short periods of in vitro culture (Shannon, 1994; Tata et al., 2013; Lee et al., 2017) .
Here we address these ongoing questions regarding the derivation of airway epithelial cells from PSCs in general and secretory lineages in particular. We have generated both murine and human PSC-based tools to study secretory lineage specification in vitro, demonstrating that both mouse and human PSC-derived airway express lineage-selective markers consistent with the known in vivo identity of these cells. Using a new SCGB3A2 PSC reporter system, time-series microarray, and single-cell RNA sequencing (RNA-seq) profiling in comparison with PSC-derived alveolar epithelial cells, we find that PSC-derived airway spheres contain both basal epithelial cells and SCGB3A2+ secretory airway cells. In contrast to PSC-derived distal alveolar epithelial type 2 (AEC2)-like cells and proximal basal-like cells, we find the proximal secretory lineage exhibits plasticity and is susceptible to phenotypic drift, acquiring the co-expression of both proximal secretory and distal alveolar cell programs, including the capacity to generate functional lamellar bodies that process surfactant. These results clarify the identity of the various cell types of the lung epithelium derived from PSCs via our previously described approaches, and further emphasize the utility of global transcriptomic profiling of single cells to reveal the heterogeneity, identity, and potential plasticity of emerging lineages.
RESULTS
We have previously described an approach to generate proximalized airway epithelial spheres from both human and murine pluripotent stem cells (hPSCs and mPSCs, respectively Serra et al., 2017] ). We found that a low versus high level of canonical Wnt signaling was a key driver of proximal versus distal pattering, respectively, measured by the emergence of lineages expressing specific proximal and distal markers, including Scgb1a1 and Sftpc . Because the proximal airway contains a diversity of cell types, we here sought to derive and purify more defined subsets of airway epithelia from both mPSCs and hPSCs, beginning with airway secretory cells for which there are well established in vivo genetic murine reporters or lineage tracers (Rawlins et al., 2009 ).
Directed Differentiation of Secretory Airway Cells from Murine PSCs
To generate a bifluorescent system able to identify multiple developmental stages in airway secretory cell differentiation, we bred knockin mice carrying lineage reporters or lineage tracers targeted to gene loci known to be sequentially activated during airway differentiation: Nkx2-1 GFP ,
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LSL-tdTomato , and Scgb1a1
CreERTM (hereafter Nkx2.1 GFP ;Scgb1a1 TomatoTr ). We characterized expression patterns of these fluorochromes both in vivo as well in murine iPSCs (miPSCs) generated by reprogramming tail tip fibroblasts ( Figures 1A and S1 ). In adult mice exposed to tamoxifen to induce Scgb1a1 lineage tracing, we observed Scgb1a1 lineage labeling in the vast majority of SCGB1A1 protein-expressing cells ( Figures 1B and 1C tdTomatoTr . Bars represent mean ± SD (n = 3 replicates separated at day 5 of differentiation). (H and I) Representative immunofluorescence of embedded spheres for (H) anti-SFTPC (green) and DNA (Hoechst, blue) and (I) anti-SCGB1A1 (green), tdTomato (red), and DNA (Hoechst, blue). The arrowheads in (I) indicate a tdTomato+ SCGB1A1À cluster. Scale bars, 25 mm. See also Figure S1 .
reported previously (Rawlins et al., 2009) . Similarly, we confirmed co-expression of NKX2-1 nuclear protein and the cytoplasmic GFP reporter ( Figure 1C ). Although both secretory airway and AEC2 cells expressed Nkx2-1 GFP , only a minor subset of alveolar cells expressed the Scgb1a1 tdTomatoTr reporter ( Figure 1B ), as has been reported previously (Rawlins et al., 2009) . In contrast, all SCGB1A1+ cells within the airway epithelium co-expressed both the GFP and tdTomato Tr reporters, consistent with the expected distribution of these markers in the normal mouse lung ( Figures 1B and 1C) .
To test the differentiation potential of miPSCs engineered from these mice, we sequentially differentiated them via definitive endoderm and anterior foregut endoderm to Nkx2-1 GFP+ lung progenitors using our previously reported combination of Wnt and BMP4 activation (Figure 1D ) (Longmire et al., 2012; Serra et al., 2017) . Quantifying lung lineage specification efficiency by flow cytometry on day 12 of differentiation, we observed Nkx2-1 GFP induction in 7.30% ± 0.22% of cells, corresponding to a total cell yield of 6.9 ± 2.6 Nkx2-1 GFP+ cells per starting input miPSC ( Figure 1E ). Consistent with our previous publications Longmire et al., 2012; Serra et al., 2017 ) the Nkx2-1 GFP+ progenitors at this day 12 stage are relatively undifferentiated without evidence of Scgb1a1 mRNA expression . We sorted day 12 GFP+ versus GFPÀ cells for further differentiation ( Figure 1D ) in 3D culture in proximal airway medium containing fibroblast growth factor 2 (FGF2) and FGF10, previously shown to pattern cells toward airway secretory cells enriched in Scgb1a1 expression Serra et al., 2017) . We added tamoxifen starting at day 25 to induce Scgb1a1 lineage tracing.
By 48 hr post-tamoxifen exposure, a subset of Nkx2-1 GFP+ -derived cells began to co-express both Nkx2-1 GFP and Scgb1a1 tdTomatoTr ( Figure 1E ).
On day 33, after 8 days of tamoxifen treatment, 1.05% ± 0.30% of Nkx2-1 GFP+ cells co-expressed Scgb1a1 tdTomatoTr+ by flow cytometry, compared with just 0.03% ± 0.02% of vehicle-only-exposed cells ( Figure 1F ). In contrast, we observed no expression of Scgb1a1 tdTomatoTr in any cell deriving from outgrowths of the Nkx2-1 GFPÀ population ( Figure 1F Figure 1G ). Sftpc expression at the protein level within a subset of cells was confirmed by immunostaining ( Figure 1H ). Immunofluorescence microscopy confirmed co-expression of Scgb1a1 tdTomatoTr and SCGB1A1 protein within a subset of Scgb1a1 tdTomatoTr+ cells and this pattern was present in the majority of spheres examined ( Figure 1I ). The presence of a subset of Scgb1a1 tdTomatoTr+ cells that lacked expression of SCGB1A1 protein suggests either the loss of club cell fate during further culture or differentiation into alternative airway lineages as has been reported in prior studies of primary club cell cultures (Tata et al., 2013) .
SCGB3A2 hPSC Reporter Line Facilitates the Purification and Characterization of Human Airway Lineages
Having established that miPSC-derived lung epithelial cells in FGF2-and FGF10-supplemented media contain a population of secretory-like cells, we next sought to study human airway secretory cells derived from hPSCs using similar media and a reporter-based approach. Of the secretoglobins, in humans, SCGB3A2 is highly specific to lung tissue (gtexportal.org), and in mice has been reported to be developmentally expressed at an earlier stage than Scgb1a1 (Guha et al., 2012) . Further supporting the selection of this marker, we have previously found that SCGB3A2 expression is upregulated rapidly in the hPSCderived proximalized epithelial population and is highly specific to the hPSC-derived lung epithelium . To validate the use of SCGB3A2 as an airway epithelial marker, we performed immunostaining of human distal conducting airway tissue obtained from 18-month-and 60-year-old donors. In all sections examined, we observed high levels of SCGB3A2 protein expression selectively in the airway epithelium with no detectable signal in distal alveolar tissue ( Figure 2A ). For these reasons, we chose to design an SCGB3A2 fluorescent reporter to track and purify putative airway epithelial cells derived from hPSCs in vitro. We used CRISPR/Cas9 technology to target a 2A-CherryPicker (membrane-anchored mCherry) fluorochrome cassette to the end of the coding sequence of the endogenous SCGB3A2 locus in normal human embryonic stem cell line RUES2 (henceforth called RUES2-SCGB3A2 CherryPicker , or RSC; Figures 2B and S2). We differentiated RSCs using our published differentiation strategy McCauley et al., 2017) to the lung progenitor stage (day 15, Figure 2C ), and sorted NKX2-1-enriched and -depleted populations using our established cell surface marker sorting strategy (CD47 high / CD26 lo ). Lung lineage specification efficiency was measured by flow cytometry for NKX2-1 protein to be 67.4% ± 17.0% (n = 11 differentiations) for this hPSC line, and, as expected, there was no expression of the SCGB3A2 CherryPicker reporter at this NKX2-1+ lung progenitor developmental stage (data not shown).
To further validate our previous work identifying a proximal-specific SCGB3A2+ signal (McCauley et al., 2017), sorted day 15 CD47 high /CD26 lo cells were replated in either our previously published proximal bronchosphere (FGF2, FGF10, and DCI; hereafter 2+10+DCI) versus distal alveolosphere (CHIR, FGF10, KGF, and DCI; hereafter; CFK+DCI) media McCauley et al., 2017) . In 2+10+DCI medium, SCGB3A2 CherryPicker+ (henceforth SC) expression was found to be 33.0% ± 1.57% by day 25, whereas expression in CFK+DCI was just 0.18% ± 0.03% at this time ( Figures 2D-2G ). SC expression in the CD47 low outgrowth in 2+10+DCI was just 8.16% ± 0.87%, supporting the conclusion that cells competent to become SCGB3A2+ epithelia are relatively enriched in the day 15 NKX2-1+ progenitor population and likely derive from this primordial intermediate, in keeping with our mouse PSC in vitro model ( Figure 1 ). Sorted human SC+ cells from the proximal medium conditions at day 25 were enriched for expression of airway epithelial genes SCGB3A2 and SCGB1A1. Notably, NKX2-1 and SCGB3A2 expression levels in RSC-derived SC+ cells were similar to levels measured in adult human lung biopsy tissue controls ( Figure 2H ).
Time Course Microarray Analysis of Differentiating Lung Epithelium Reveals Emergence of a Secretory Cell Program
Next we sought to better understand the kinetics of differentiation and the global transcriptomic programs of these SC+-labeled cells as they emerge over prolonged culture periods. Analysis of SC expression over time identified initial reporter activation by microscopy as early as 1 week after sorting and replating NKX2-1+ progenitors (day 22, Figure 3A) and established a peak of reporter expression (39.2% ± 12.5%) around day 36 of differentiation (Figure 3A) . The sorted SC+ population at each of four time points between days 28 and 52 expressed both SCGB3A2 and SCGB1A1 ( Figure 3B ). We next performed whole transcriptome microarray profiling of cells at various key stages of RSC differentiation to proximal airway: undifferentiated cells (day 0), purified early lung progenitors (day 15 CD47 hi ), early airway pro- We next evaluated whether genes not typically found in developing airway secretory cells were detectable within the hPSC-derived secretory population. In the top 70 genes differentially expressed in the SC+ versus SCÀ population (FDR % 0.05; FC > 10) we observed surfactants A1 and D (SFTPA1, SFTPD; Figure S3A ), consistent with published descriptions of airway surfactants (A, B, and D) detected in both proximal and distal lung epithelia in rodents (Kalina et al., 1992) . Expanding the list of differentially expressed genes (FDR % 0.05; FC > 2), we found that the remainder of airway surfactants (SFTPB) were similarly enriched in SC+ cells; however, we also observed enriched expression of AEC2-selective genes, including SFTPC, LAMP3, ABCA3, LPCAT1, PGC, and NAPSA in this population (Figure 4A) . Although expression of these markers in the SC+ population was validated by qRT-PCR, we found the level of expression of SFTPC to be significantly lower in SC+ cells than in control hPSC-derived AEC2s generated in ''distalizing media'' and expressing an SFTPC tdTomato reporter (hereafter iAEC2s and other conditions (SC+, SCÀ, n = 9 biological replicates of independent wells from 3 independent differentiations for SCGB3A2 and SCGB1A1 and n = 6 biological replicates of independent wells from 2 independent differentiations for AFP and NKX2-1. PreS values are from n = 3 replicates of independent wells from 1 differentiation). See also Figure S2 . marker SCGB1A1 was significantly higher in the SC+ population compared with iAEC2s ( Figure 4B ; Table S1 ).
Single-Cell RNA Sequencing Identifies Cell-TypeSpecific Clusters in hPSC-Derived Airway Epithelium We next aimed to determine whether in our ''proximal'' conditions SFTPC and other AEC2 markers were being expressed in rare distal cells within the heterogeneous SC+ population, or the alternative possibility that a distal program might be co-expressed within cells that also express proximal lung markers. To distinguish these potential explanations, we used single-cell mRNA sequencing (RNA-seq) to elucidate the global transcriptomes of hPSCderived putative airway cells on a per-cell basis. We differentiated hPSCs (RSC line) into airway spheres and purified SC+ and SCÀ populations at day 27 of differentiation for single-cell RNA-seq ( Figure 5A ), analyzing 52 SC+ and 24 SCÀ cells, of which 44 SC+ and 22 SCÀ passed quality control. Dimensionality reduction (ZINB-WaVE) and hierarchical clustering revealed three distinct cell clusters (Table S3 ; Figures 5B and 5C ). The majority of the SC+-sorted cells clustered together and expressed high levels of both SCGB3A2 and CherryPicker mRNA (correlation R 2 = 0.987, Figure 5D ). We therefore categorized the three cell clusters as secretory airway (C1), non-secretory airway (C2), and non-lung (C3), based on expression of known marker genes within these gene clusters (FDR < 0.05), including SCGB3A2 and SCGB1A1 (secretory; enriched in cell cluster C1); TP63 and ITGA6 (basal; enriched in C2); NKX2-1, SFTA3, SFTA2, SFTPB, and CD47 (enriched in both lung cell clusters: C1 and C2); and SERPINA1, SOX9, FGB, APOA2, and AFP (liver; enriched in C3) ( Figure 5C ). C3 contained 8 out of 66 total cells, suggesting that 12.1% of the analyzed cells were non-lung. Notably, only a subset of SCGB3A2 mRNA+ cells co-expressed the more mature club cell marker SCGB1A1 (10 out of 35 cells, Figures 5E and S4) . A distinct subset of SC+-sorted cells clustered within C2, the non-secretory airway population, expressed high levels of NKX2-1, TP63, and ITGA6, but low levels of secretory markers, indicating a putative basal cell-like identity ( Figure 5E ). Despite expressing CherryPicker protein, these TP63+ cells were predominantly SCGB3A2À and did not express CherryPicker mRNA ( Figures 5E, S4B , and S4C), suggesting these cells had recently lost expression of the reporter as they acquired a basal cell-like fate. We next investigated whether any hPSC-derived airway cells co-expressed proximal and distal lung markers, including SFTPC. We found that expression of SFPTC, along with that of LPCAT1, LAMP3, and NAPSA, was upregulated in cluster C1 ( Figures 5E and S4D ) and that SFTPC was expressed predominantly in SCGB3A2+ cells (25 out of 31 cells, Figure S4E ). Cells in this cluster expressed low levels of distal patterning marker SOX9 ( Figure 5E ). In contrast, the basal cell-like population in cluster 2 was not enriched in expression of SFTPC or other AEC2-selective genes ( Figure 5E ).
Single-Cell RNA-Seq of Airway versus Alveolar Spheres Reveals Heterogeneity and Distinctly Patterned Lineages Having established that SFTPC is co-expressed with airway markers in hPSC-derived airway epithelium, we simultaneously derived proximal airway epithelial cells and distal iAEC2s from hPSCs in parallel and profiled these lineages by single-cell RNA-seq of larger numbers of cells after a prolonged period of culture. We differentiated our published bifluorescent iPSC line (BU3) engineered to carry GFP and tdTomato reporters targeted to the NKX2-1 and SFTPC loci, respectively (hereafter BU3 NGST Figure 6A ). To explore the effect of extended time in culture, we differentiated the sorted GFP+ cells until day 41 to form putative airway or alveolar spheres, passaged each condition one time on day 26 (alveolar) or day 29 (airway), and analyzed 1,392 cells that passed data quality control. Initial k-means clustering analysis and dimensionalityreduction visualization represented as tSNE plots demonstrated the separation between the airway and iAEC2 medium-derived cells and identified four distal (C1, 2, 3, and 7) and three proximal (C4-6) clusters ( Figures 6B, 6C , and S5A). We first confirmed the predicted medium effects by evaluating expression of Wnt target gene AXIN2, which was higher in the distal cells cultured in medium containing the Wnt signaling stimulator, CHIR, than in the proximal cells ( Figure 6D ). We next asked whether any of the identified clusters represented non-lung populations. Mapping of expression of NKX2-1 revealed that one proximal (C4) and one distal (C3) cluster were NKX2-1 low . We found that 234 out of 673 clustered proximal cells (34.8%) and 131 out of 719 clustered distal cells (18.2%) were represented in C4 and C3, respectively, and therefore we estimate these to be the proportion of non-lung cells obtained in each of these conditions in this differentiation. Further statistical analysis of genes differentially expressed in each cluster identified these putative non-lung clusters as gastric epithelium (C3) expressing GIF, TFF1, TFF2, and CLDN18 in the distal condition and hepatic endoderm (C4) expressing a constellation of known liver genes including AFP, APOA2, TTR, TF VTN, ALB, and FGB in the proximal conditions (Figures 6D and 6E ; Table S4 ), consistent with prior observations McCauley et al., 2017) . A subset of these hepatic-like cells had high levels of proliferation markers (AURKB, MKI67, and TOP2A), suggesting that a subset of this population is mitotic (Figures 6D and S5B ; Table S4 ).
To identify potential lung lineages, we next interrogated all differentially expressed genes (Table S4 ) and supervised clustered heat maps of the top 50 genes enriched in each cell cluster compared with all cells ( Figure 6E ). Marker genes of known lung lineages were differentially enriched in identifiable clusters, allowing us to validate our assignments of cell-type identity for the remaining NKX2-1+ clusters. For example, the distal NKX2-1+ clusters C1 and C2 contained AEC2-like cells expressing SFTPC ( Figure 6D ; Table S4 ) along with other distal lung epithelial markers including FGF9, BMP4, BMP3, and FOXP2 ( Figure 6E ; Table S4 ), and were depleted of markers of proximal epithelium including SCGB3A2 and P63 ( Figure 6D ). Despite these similarities, we found that C2 had higher expression of SFTPC (FC = 1.81, p adj = 0.077) relative to all other clusters, including C1. We therefore asked what distinguished C1 and C7 from C2. We found that C1 expressed high levels of proliferation markers (AURKB, MKI67, and TOP2A), suggesting that this represents a mitotic AEC2-like population ( Figures 6D, 6E , and S5B; Table S4 ). The final NKX2-1+ distal cluster (C7) also had an AEC2-like phenotype and similar gene expression to C1 and C2, but expressed lower levels of key genes including SFTPC and FOXP2 (Figures 6D and 6E ; Table S4 ).
We next examined the NKX2-1+ proximal clusters (C5 and 6). Consistent with our prior single-cell analysis (Figure 5 ), we found that cluster C5 represented a basal cell population expressing P63, KRT5, KRT14, KRT17, and PAX9 (Figures 6D and 6E ; Table S4), and cluster C6 represented an airway secretory cell population enriched in expression of known secretory markers, SCGB3A2, SCGB1A1, HP, SFTA2, and AQP4 (Figures 6D and 6E ; Table S4 ) (Guha et al., 2014; Kalina et al., 1992; Kreda et al., 2001) . We similarly identified subpopulations of Figure S4 . mitotic secretory and basal cells enriched for AURKB, MKI67, and TOP2A (Figures 6D and S5C ; Table S4 ). To exclude the effect of cell-cycle genes on our statistical clustering analyses, we repeated all analyses after removing 280 known cell-cycle genes (Table S5 ) from the dataset, and found minimal effects on the clustering and no alteration in the cellular identities of the identified clusters ( Figures   S5C and S5D) . We therefore continued all analyses without excluding these genes ( Figure 6 ). Similar to our prior 66 cell analysis (Figure 5 ), the airway secretory population shown in Figure 6 again expressed all 5 surfactants (SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD) along with other AEC2-selective transcripts that encode lamellar body genes, including NAPSA and PGC ( Figures 6D and 6E ; Table S4 ). Correlation analysis within the proximal epithelial population further established that 63 out of 146 of the SFTPC+ cells within this population also expressed SCGB3A2, but only 1 out of 146 expressed SCGB1A1 ( Figure S5E) . A direct comparison of iAEC2 with airway secretory gene expression revealed that the majority of the iAEC2 gene expression signature was depleted in the secretory airway population (Figures  6E and S5A ; Table S4 ). In particular, the airway secretory cells expressed lower levels of distal patterning genes, including SOX9, BMP4, FOXP2, FGF9, and ETV5, than the distal clusters, further demonstrating that the secretory airway cells exhibit an indeterminate phenotype with features of both proximally patterned airway epithelium along with some AEC2 genes, but without markers of early distal patterning.
Finally, we also found that, in spite of the distinct expression of known marker genes and associated transcriptomic signatures indicative of particular known cell types, some genes were also expressed at low levels in unpredicted populations, such as expression of AFP and ALB in NKX2-1+ putative airway epithelial cells ( Figures 6D and 6E ), when these three markers are not known to be co-expressed in vivo. We confirmed the expression of liver markers within the SCGB3A2 CP+ population by qRT-PCR (data not shown).
A Subset of hPSC-Derived Airway Epithelial Cells Contain Functional Lamellar Bodies
Having identified a population of airway epithelial cells expressing some AEC2-associated genes but lacking a complete AEC2 signature, we next sought to test whether these cells exhibited functional and ultrastructural features consistent with AEC2s. Electron microscopy of plastic sections of hPSC-derived differentiated airway spheres revealed that spheres were heterogeneous and contained a mixed population of cells, some of which exhibited characteristics of airway secretory lineages. These included electron-dense granules and abundant rough endoplasmic reticulum, as well as abundant glycogen and microvilli with associated secretory bodies on the apical surface of some epithelial spheres ( Figure 7A ). All examined cells lacked any evidence of goblet cell maturation or ciliation. Together, these features are characteristic of immature, differentiating human airway secretory cells (Plopper et al., 1980) , and support the conclusion that hPSC-derived airway spheres contain secretory cell types.
As predicted by single-cell RNA-seq, we also found that some cells generated in proximal medium contained structures reminiscent of surfactant-producing lamellar bodies ( Figure 7A) , with similar features to those we have previously reported for hPSC-derived alveolospheres . To test the function of these putative lamellar bodies, and given the high expression of surfactant proteins and the SFTPB processing enzymes PGC and NAPSA in these cells, we tested whether airway secretory cells were able to process SFTPB pro-protein (pro-SFTPB) to its mature 8 kDa form, a capacity unique to lamellar body-expressing AEC2s in vivo following 24 weeks of human gestation (Brasch et al., 2004; Guttentag et al., 1998) . By western blot analyses, hPSC-derived airway spheres were capable of processing SFTPB to its mature 8 kDa form ( Figures 7B and  7C) ; however, in comparison with hPSC-derived iAEC2s, when stained with an antibody specific to pro-SFTPB (anti-NFlank) these cells had relatively higher accumulation of the unprocessed 25 kDa form, known to be expressed in airway cells in vivo (Kalina et al., 1992) (Figure 7C ). This pattern suggested that hPSC-derived airway spheres may contain a heterogeneous mixture of cells, many of which produce pro-SFTPB, but only some of which are able to fully process the pro-protein to its mature form ( Figures 7B and 7C ), a conclusion supported by the presence of at least two morphological subsets of cells present in airway spheres analyzed by electron microscopy (Figure 7A and data not shown) . See also Figure S7 .
Distal Plasticity of hPSC-Derived Secretory Cells Is Promoted by Exposure to Endogenous and Exogenous Distalizing Soluble Factors
We considered the possibility that expression of distal markers within the proximal secretory population might result from the presence of unappreciated distalizing factors acting over prolonged culture periods. Building on previous work identifying Wnt as a key driver of distal patterning both immediately post-specification as well as in the context of differentiation of AEC2-like cells from primary adult mouse secretory cells in culture , we sought to test whether endogenous Wnt signaling might play a role in the aberrant expression of SFTPC within hPSC-derived airway epithelium.
To test the effect of Wnt on the expression of AEC2 marker genes in proximalized spheres, we tested whether spheres differentiated in proximal medium responded to Wnt activation or inhibition with CHIR or the Wnt inhibitor XAV939, respectively (Figures 7D and 7E) . Compared with proximal/airway control medium, Wnt inhibition resulted in maintenance of SCGB1A1 and SFTPB levels as well as marked reduction in AEC2 and lamellar body markers, SFTPC, NAPSA, and ABCA3, within sorted SC+ cells (Figure 7G ; Table S1 ). As expected, CHIR treatment resulted in loss of the SCGB3A2 CP+ program (Figures 7E-7G ) and increased SOX9, consistent with canonical Wnt-driven distalization ( Figure 7G ; Table S1 and data not shown). Lack of cell sorting in this CHIR-containing condition precluded equivalent profiling of the entire iAEC2 program. To determine whether the putative plasticity of proximalized cells in these conditions was limited to a narrow developmental window we repeated this experiment with delayed CHIR addition to the proximalized cells. We found that CHIR treatment, even up to 10 days post-replating in airway medium, resulted in upregulation of SFTPC tdTomato expression ( Figure S7 ), a reporter we have previously shown to be reflective of higher levels of SFTPC mRNA expression . This response to CHIR treatment indicates that the putative plasticity of the proximalized cells, measured by changes in SFTPC reporter expression, was sustained for at least 25 total days of differentiation time. In comparison, cells cultured in the absence of CHIR had little to no detectable SFTPC tdTomato expression by microscopy ( Figure S7 ).
DISCUSSION
Our results provide a thorough characterization of hPSCderived putative airway and alveolar lineages, with a focus on the understudied secretory airway population, using both murine and human lineage reporters. Through single-cell RNA-seq accompanied by ultrastructural and functional surfactant processing studies, our findings emphasize the heterogeneity of lung and foregut endodermal lineages that emerge over time in culture and demonstrate the relative plasticity versus stability of different proximal and distal putative lung lineages derived from PSCs in these conditions. We find iAEC2s generated in distal medium display overall long-term stability of lineage without phenotypic drift in their transcriptomic programs toward either proximal airway or AEC1 phenotypes. In proximal medium, the putative airway basal cell population also displays a program that is devoid of alternate lung lineages, although low levels of expression of hepatic transcripts can be detected in this population. In marked contrast, airway secretory cells generated from PSCs display lineage plasticity with a tendency to upregulate a Wnt-dependent distal lung program, leading to co-expression of both proximal-secretory and AEC2-like programs. This culminates in the assembly of functional lamellar bodies able to process surfactant, a feature not present in unperturbed primary secretory cells in vivo ( Figure 7H ).
Plasticity in epithelial identity within the proximal lung epithelium has previously been described in the trachea and airways of the mouse during development (Shannon et al., 1998) , in settings of forced over-stimulation of Wnt signaling (Zhang et al., 2008; Reynolds et al., 2008) , and in the context of epithelial injury and repair (Xi et al., 2017) . Particularly relevant to our findings is the recent observation by Lee et al. (2017) that adult murine airway secretory (club) cells placed in co-culture with Wnt-activating mesenchymal cells similarly exhibit upregulation of a distal program within these club cells. Importantly, recent work studying patients with idiopathic pulmonary fibrosis has also identified aberrant proximal and distal transcriptomic programs co-expressed in individual epithelial cells (Xu et al., 2016) , suggesting that this phenomenon may have direct relevance to abnormalities in cell fate observed in complex diseases of the lung epithelium. We hypothesize that PSC-derived airway secretory cells similarly represent an in vitro proximalized correlate population that is plastic and tends to phenotypically drift toward distal epithelium under specific signaling conditions.
An important question of semantics is whether to assign airway identity to our hPSC-derived SCGB3A2+ cells by referring to them as ''plastic secretory airway cells'' as opposed to identifying them as ''indeterminate cells'' given their co-expression of several AEC2 markers. Our single-cell global transcriptomic profiling begins to address this question by establishing that SCGB3A2+SFTPC+ cells cluster together with putative ''mature'' secretory airway cells that are SCGB1A1+/SFTPCÀ, express other club cell markers, and are distinct from the separately clustered iAEC2 population, despite mutual expression of SFTPC and lamellar body genes. Although these RNA-seq profiles represent limited temporal snapshots, they support the conclusion that these cells have an underlying secretory airway identity with aberrant upregulation of a functional alveolar epithelial program.
What are the factors responsible for the emergence of a co-expressed distal program within the secretory airway population in our studies or in the above in vivo scenarios? Our current study and prior published work suggests that the presence of distalizing factors influences core transcriptional programs and maturation programs in proximal airway cells during the period following lung lineage specification. Even mature secretory cells, such as adult club cells, following naphthalene injury (Reynolds et al., 2008) or when placed in culture , are susceptible to upregulation of AEC2 programs in the presence of high levels of canonical Wnt signaling. One candidate pathway that may similarly influence the fate of the developing secretory lineage in our PSC model is endogenous Wnt signaling, since blocking Wnt appears to markedly reduce the AEC2 program within the SCGB3A2 CP+ population.
Two non-lung foregut endodermal subsets have reproducibly emerged from the sorted day 15 population enriched in NKX2-1+ cells: hepatic-like and gastric-like cells that are NKX2-1À . This raises a number of questions that will require further study to definitely address the origins of these cells. It is possible that gastric and hepatic cells simply arise from low levels of NKX2-1À cells present in the NKX2-1+ sorted outgrowth; however, a more interesting possibility is the likelihood that gastric progenitors aberrantly expressing NKX2-1 are generated through the high levels of Wnt signaling stimulated by CHIR during lineage specification, analogous to mouse genetic models, where forced in vivo overexpression of b-catenin results in the generation of Nkx2-1+ cells in the anterior stomach (Goss et al., 2009; Harris-Johnson et al., 2009) . Notably, the gastric-like cells produced in our experiments emerge in distalizing conditions with sustained CHIR, consistent with previous reports that emergence of the gastric lineage is promoted by Wnt activation (McCracken et al., 2017) .
Taken together, our results emphasize the need for sorting strategies to isolate defined lineages emerging within heterogeneous populations over developmental time. In addition, our findings demonstrate the need for global profiling approaches to completely understand the genetic programs of cells derived via directed differentiation, as cells may be susceptible to phenotypic drift in culture. For example, our single-cell RNA-seq results indicate that, in our hands, only a minor subset of the overall NKX2-1+SCGB3A2+ proximal airway population avoids co-expressing distal programs or reaches expression of the more mature secretory marker, SCGB1A1.
In contrast to these plastic or less-differentiated lineages, however, this same global analysis supported our identification of a population of cells expressing a basal cell-like program within airway spheres, and found that these cells exhibit little observed drift toward a distal lung identity. Although the differentiation potential and characteristics of these putative basal-like cells needs to be further elucidated in future studies, this exemplifies the importance and utility of global transcriptomic profiling to precisely and completely identify populations of cells of interest derived from hPSCs.
EXPERIMENTAL PROCEDURES
Further details of experimental protocols, datasets, and reagents can be found online at http://www.kottonlab.com.
Mouse Line Maintenance and Characterization
All studies involving mice were approved by the Institutional Animal Care and Use Committee of Boston University School of Medicine. Mouse strains used are detailed in Supplemental Experimental Procedures.
Mouse iPSC Line Generation and Differentiation
The Nkx2-1 GFP ;Scgb1a1
CreERTM ;Rosa26 LSL-tdTomato iPSC line was generated by transduction of tail tip fibroblasts with a Frt-flanked STEMCCA reprogramming lentiviral vector. Differentiation to lung lineages was performed as described previously with further details of reprogramming, line maintenance, and differentiation detailed in the Supplemental Experimental Procedures.
Immunofluorescence Microscopy and qRT-PCR
Details of all immunostaining protocols, antibodies employed, and quantitation of gene expression by qRT-PCR are provided in the Supplemental Experimental Procedures.
hPSC Reporter Line Generation and Maintenance
Human PSC lines were maintained in feeder-free culture in mTeSR1 medium (STEMCELL Technologies). The RUES2-SCGB3A2 CherryPicker reporter line was generated by CRISPR/Cas9-based gene editing of RUES2 (gift from Dr. Ali H. Brivanlou, Rockefeller University) as detailed in the Supplemental Experimental Procedures, and the derivation of the NKX2-1 GFP / SFTPC tdTomato iPSC line (BU3 NGST) was reported previously .
hPSC Directed Differentiation hPSCs were differentiated to airway or alveolar spheres via endodermal lung progenitors as described previously Jacob et al., 2017; McCauley et al., 2017) and as detailed in the Supplemental Experimental Procedures. Detailed differentiation and CD47/CD26 cell sorting protocols can be freely downloaded from http://www.bu.edu/dbin/stemcells/protocols.php.
Single-Cell RNA-Seq and Microarrays
Details of single-cell capture using Fluidigm C1 and 10X Chromium platforms, sequencing of global transcriptomes, and all microarray and RNA-seq bioinformatics analyses are described in the Supplemental Experimental Procedures.
Statistics
Details of all bioinformatics statistics, including lists of differentially expressed genes with fold changes and FDR-adjusted p values are delineated in Tables S2, S3 , and S4. Additional relevant statistical methods for qRT-PCR analysis are described in the related figure legends and in the Supplemental Experimental Procedures.
ACCESSION NUMBERS
Global transcriptomic raw datasets can be downloaded from the Gene Expression Omnibus (GEO: GSE103517, GSE103920, and GSE103920) or interrogated through the Bioinformatics Portal at www.kottonlab.com. 
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